Evidence for transcriptional activation of the viral oncoproteins E6 and E7 is regarded as the gold standard for the presence of clinically relevant human papillomavirus (HPV), but detection of E6/E7 mRNA requires RNA extraction and polymerase chain reaction amplification-a challenging technique that is restricted to the research laboratory. The development of RNA in situ hybridization (ISH) probes complementary to E6/ E7 mRNA permits direct visualization of viral transcripts in routinely processed tissues and has opened the door for accurate HPV detection in the clinical care setting. Tissue microarrays containing 282 head and neck squamous cell carcinomas from various anatomic subsites were tested for the presence of HPV using p16 immunohistochemistry, HPV DNA ISH, and an RNA ISH assay (RNAscope) targeting high-risk HPV E6/E7 mRNA transcripts. The E6/E7 mRNA assay was also used to test an additional 25 oropharyngeal carcinomas in which the HPV status as recorded in the surgical pathology reports was equivocal due to conflicting detection results (ie, p16 positive, DNA ISH negative). By the E6/E7 mRNA method, HPV was detected in 49 of 282 (17%) HNSCCs including 43 of 77 (56%) carcinomas from the oropharynx, 2 of 3 (67%) metastatic HNSCCs of an unknown primary site, 2 of 7 (29%) carcinomas from the sinonasal tract, and 2 of 195 (1%) carcinomas from other head and neck sites. p16 expression was strongly associated with the presence of HPV E6/E7 mRNA: 46 of 49 HPV-positive tumors exhibited p16 expression, whereas only 22 of 233 HPV-negative tumors were p16 positive (94% vs. 9%, P < 0.0001). There was also a high rate of concordance (99%) between the E6/E7 mRNA method and HPV DNA ISH. For the selected group of discordant HNSCCs (p16 + /HPV DNA À ), the presence of E6/E7 transcripts was detected in 21 of 25 (84%) cases. The E6/E7 mRNA method confirmed the presence of transcriptionally active HPV-related HNSCC that has a strong predilection for the oropharynx and is strongly associated with high levels of p16 expression. Testing for HPV E6/E7 transcripts by RNA ISH is ideal because it confirms the presence of integrated and transcriptionally active virus, permits visualization of viral transcripts in tissues, and is technically feasible for routine testing in the clinical laboratory. DNA in-situ hybridization RNA in-situ hybridization P16 immunohistochemistry FIGURE 5. The biology of HPV infection and malignant transformation provides several sequential points for HPV recognition. Concurrent evidence for HPV DNA, transcriptional activation, and disruption of key growth regulatory pathways (eg, retinoblastoma pathway) confirms the presence of clinically and biologically relevant HPV.
H igh-risk human papillomavirus (HPV), particularly type 16, is now recognized as a causative agent in a subset of head and neck squamous cell carcinomas (HNSCCs). 1, 2 These HPV-related HNSCCs are distinct from HPV-unrelated HNSCCs in a number of important respects including response to therapy and patient survival. HPV-related HNSCCs are more sensitive to chemoradiation, and improved locoregional control consistently translates into significantly improved overall and diseasefree survival. [3] [4] [5] Accordingly, HPV detection in HNSCC is now regarded as a powerful biomarker indicating a more favorable clinical outcome such that routine HPV assessment is becoming part of the standard pathologic evaluation of all oropharyngeal carcinomas. Indeed, both the College of American Pathologists and the American Joint Committee on Cancer have recently recommended routine HPV testing as part of the standard pathologic evaluation of resected oropharyngeal squamous cell carcinomas for the purpose of molecular tumor staging. 6 As more is understood of the unique natural history of HPV-positive HNSCCfrom viral infection, to viral persistence, to virus-induced malignant transformation-applications for HPV testing will undoubtedly continue to increase. Indeed, detection of HPV is emerging as a valid biomarker for discerning the presence and progress of disease encompassing all aspects of patient care from early cancer detection, 7, 8 to more accurate tumor staging, 9 to selection of patients most likely to benefit from specific treatments, 10 to posttreatment tumor surveillance. 11, 12 There is currently no standard approach for HPV testing of clinical samples. Instead, methods of HPV testing across laboratories vary considerably reflecting the biases and tendencies of individual investigators and the cost to benefit ratio of each technique. 13 Detection strategies differ not just in design but also in their detection targets. These targets have included HPV DNA, HPV RNA, viral oncoproteins, cellular proteins (eg, p16 protein), and HPV-specific serum antibodies. For widespread implementation in the clinical arena, detection methods must be accurate, technically feasible, and cost effective. For example, immunohistochemical staining for viral proteins is relatively undemanding and inexpensive, but the performance of this approach has been too inconsistent to be used as a reliable detection method. At the other extreme, detection of mRNA E6/E7 transcripts is generally regarded as the gold standard for HPV detection, but the demand for expertise and complex tissue processing (eg, microdissection of fresh frozen tissue) limits its application as a routine diagnostic tool.
The recent development of RNA in situ hybridization (ISH) probes complementary to E6/E7 mRNA now permits direct visualization of viral transcripts in routinely processed tissues. [14] [15] [16] The purpose of this study was to test the effectiveness of this novel strategy against other commonly used HPV detection methods and to validate certain distinguishing characteristics of HPV-related HNSCC including its preferential targeting of the oropharynx.
METHODS

Tumor Samples
Study approval was obtained from the Johns Hopkins Medical Institutions Internal Review Board. Tumor blocks were collected from 282 patients who had undergone biopsies or resections of HNSCCs at the Johns Hopkins Hospital and other centers between the years 1996 and 2005. Although this case diversity allowed us to test the E6/E7 mRNA method across a wide cross-section of patients with HNSCC, including patients from many different treating institutions, it did not facilitate evaluation of patient follow-up. The precise sites of tumor origin were determined from a review of the medical records. The anatomic sites included the oropharynx (n = 77), oral cavity (n = 109), larynx (n = 64), hypopharynx (n = 20), sinonasal tract (n = 7), and nasopharynx (n = 2). Three of the samples were of lymph node metastases from patients with unknown primary sites. Slides from each case were reviewed, and then 1 or more formalin-fixed and paraffin-embedded tissue blocks were selected for tumor tissue transfer. The core cylinders measured 0.7 mm in diameter, and a minimum of 3 cores were transferred from the donor blocks to the recipient tissue microarray (TMA) blocks to minimize the effect of tumor heterogeneity. TMA sections were evaluated by p16 immunohistochemistry, HPV DNA ISH, and HPV RNA ISH ( Fig. 1) .
At the Johns Hopkins Hospital, all biopsied and resected oropharyngeal squamous cell carcinomas are routinely evaluated for HPV using both p16 immunohistochemistry and HPV DNA ISH. 17 We performed a diagnostic search of the surgical pathology files of the Johns Hopkins Hospital in an attempt to identify cases showing discordant results (ie, p16 positive, HPV DNA ISH negative). These cases were then selected for HPV analysis using the E6/E7 mRNA method to determine the value of this method in resolving these conflicting findings. A tumor block was obtained for E6/E7 mRNA analysis, and the results were compared with the p16 immunohistochemistry and HPV DNA ISH findings as reported in the medical records.
p16 Immunohistochemistry
Sections of 5 mm thickness from the TMAs were evaluated by immunohistochemistry for expression of a biomarker of HPV E7 oncoprotein activity, the CDK inhibitor p16. Sections of formalin-fixed and paraffinembedded tissues were deparaffinized and subjected to antigen retrieval using 10 mM citrate buffer (921C for 30 min). p16 expression was evaluated by use of a mouse monoclonal antibody against p16 (MTM Laboratories, Heidelberg, Germany) visualized using the Ultra view polymer detection kit (Ventana Medical Systems Inc., Tucson, AZ) on a Ventana BenchmarkXT autostainer (Ventana). p16 expression was scored using a 4-tiered system: 0 = completely negative staining; 1 = focal staining ( < 20% of tumor cells); 2 = patchy staining (20% to 50% of tumor cells); 3 = diffuse staining (> 50% of tumor cells). As a surrogate marker of HPV infection, only staining that was diffuse (3) was regarded as positive for p16 overexpression.
DNA In Situ Hybridization
Sections of 5 mm thickness from the TMAs were evaluated for the presence of HPV DNA by ISH. Two different detection assays were used. A type 16-specific assay was performed using the ISH-catalyzed signal amplification method for biotinylated probes (Dako GenPoint, Carpinteria, CA). Briefly, 5-mm-thick tissue sections were made to undergo deparaffinization, heat-induced target retrieval in citrate buffer, and digestion using proteinase K (Roche Diagnostics, Indianapolis, IN). Slides were subsequently hybridized with a biotinylated HPV16 typespecific probe (Dako). Signal amplification was performed by consecutive application of streptavidin-horse radish peroxidase complex and biotinyl tyramide. Visualization of positive hybridization signals was performed by incubation with the chromogenic substrate diaminobenzidine. For broader high-risk HPV detection, we also used the Ventana Inform HPV III Family 16 Probe (B) kit (Ventana Medical Systems). For this assay the slides were conditioned using Ventana cell conditioner #2 and ISHprotease 3. Hybridization was performed using the HPV III Family 16 probe set that captures HPV genotypes 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 66. Signals were detected with the ISH iView Blue Plus Detection Kit, which is an indirect biotin-streptavidin system that detects fluorescein-labeled probes. The kit utilizes an alkaline phosphatase enzyme and NBT/BCIP substrate chromogen reaction that provides an intense blue, permanent color and a red counter stain. All reagents are provided prediluted and ready-to-use on BenchMark Series automated slide stainers (Ventana Medical Systems).
For both detection assays, punctate hybridization signals localized to the tumor cell nuclei defined an HPVpositive tumor. HPV16-positive controls included an HPV16-positive oropharyngeal cancer and the SiHa and CaSki cell lines. The SiHa cell line is known to harbor 1 to 2 copies of integrated HPV16 per cell, and the CaSki cell line is known to harbor 60 to 600 copies of integrated HPV16 per cell.
RNA In Situ Hybridization
RNA ISH for high-risk HPV E6/E7 mRNA was performed manually using the RNAscope HPV kit (Advanced Cell Diagnostics Inc., Hayward, CA) according to the manufacturer's instructions. Briefly, 4-mm-thick formalin-fixed and paraffin-embedded tissue sections were pretreated with heat and protease before hybridization. In the TMA study, the TMA sections were hybridized separately with a target probe to the HPV16 genotype and a cocktail of target probes to high-risk HPV genotypes 18, 31, 33, 35, 52, and 58. In the study of the 25 p16-positive/ DNA ISH-negative cases, whole tissue sections were hybridized with a single cocktail of 18 high-risk HPV genotypes (16, 18, 26, 31, 33, 35, 39, 45 , 51, 52, 53, 56, 58, 59, 66, 68, 73, and 82). The preamplifier, amplifier, and horse radish peroxidase-labeled probes were then hybridized sequentially, followed by color development with diaminobenzidine. Probes to the bacterial gene dapB and the endogenous UBC mRNA were used as negative and positive controls, respectively, for each case. Specific staining signals were identified as brown, punctate dots present in the cytoplasm and/or nucleus. All 3 stained slides of each case, HPV, UBC, and dapB, were examined together to determine the HPV status. The HPV status was scored qualitatively as either positive or negative, using the dapB-stained slides as reference. HPV-positive cases had definitive punctate brown staining present in at least a subset of tumor cells.
The immunohistochemical and ISH studies were independently scored by 2 different study pathologists (W.H.W., J.A.B.). Any discrepant cases were resolved by consensus review.
RESULTS
Analysis of TMAs
The TMA contained carcinomas from 282 patients with squamous cell carcinomas from various anatomic sites of the head and neck including the oropharynx (n = 77), oral cavity (n = 109), larynx (n = 64), hypopharynx (n = 20), sinonasal tract (n = 7), and nasopharynx (n = 2). Three of the samples were of lymph node metastases from patients with unknown primary sites. A summary of the HPV status by the anatomic site using the various detection strategies are shown in Table 1 . By the E6/E7 mRNA method, HPV was detected in 49 of 282 (17%) HNSCCs. Stratified by the site of origin, HPV was detected in 43 of 77 (56%) carcinomas from the oropharynx, 2 of 3 (67%) metastatic HNSCCs from an unknown primary site, 2 of 7 (29%) carcinomas from the sinonasal tract, and in only 2 of 195 (1%) carcinomas from other head and neck sites (oral cavity = 1, larynx = 1). Of the 49 HPV-positive cases, 42 (86%) were due to HPV16, whereas one of the other types (ie, 18, 31, 33, 35, 52, and 58) was detected in the other 7 positive cases. By anatomic subsite, an HPV-positive tumor of the oropharynx was more likely to be related to the HPV16 than an HPV-positive tumor from a nonoropharyngeal site (88% vs. 50%, P = 0.01). For all of the HPV-positive HNSCCs, the presence of HPV16 was mutually exclusive of the other high-risk genotypes: there were no cases that were positive for both the HPV16 probe and the probe cocktail targeting HPV types 18, 31, 33, 35, 52, and 58.
There was a high rate of concordance (99%) between the E6/E7 mRNA method and HPV DNA ISH for determining the HPV status. A total of 231 of the 233 (99%) HPV-negative tumors by the E6/E7 mRNA method were also negative by DNA ISH. The discrepant cases were from the sinonasal tract (n = 1) and larynx (n = 1). Conversely, 47 of the 49 (96%) HPV-positive cases by the E6/E7 mRNA method tested positive for HPV using the combination of DNA probes (ie, HPV16 and the wide spectrum cocktail). The 2 discrepant cases were from the oropharynx (n = 1) and larynx (n = 1). Correlation with DNA ISH was not as strong when the DNA probes were used individually. The DNA probe cocktail failed to detect HPV in 10 cases (20%) that were HPV positive using the E6/E7 mRNA method. These cases were positive using the HPV16-specific DNA probe, but the presence of relatively few hybridization signals per tumor cell suggested low viral copy numbers per host genome (Fig. 2) . The HPV16-specific DNA probe failed to detect HPV in 8 cases (16%) that were HPV positive by the E6/E7 mRNA method. Not unexpectedly, 7 of these false negatives were due to the presence of a non-16 HPV type.
p16 expression was also strongly associated with the presence of HPV E6/E7 mRNA: 46 of 49 HPV-positive tumors exhibited high p16 expression, whereas only 22 of 233 HPV-negative tumors were p16 positive (94% vs. 9%, P < 0.0001). These p16-positive and E6/E7 mRNAnegative cases were from the oropharynx (6 of 77, 8%), larynx (8 of 64, 13%), oral cavity (8 of 109, 7%), hypopharynx (1 of 20, 5%), and sinonasal tract (1 of 5, 20%) ( Fig. 3 ). Using HPV E6/E7 mRNA expression to measure the prevalence of HPV-related HNSCC for a given anatomic site, the positive predictive value of p16 positivity as a surrogate marker of HPV was 0.88 (95% confidence interval, 0.74-0.95) for HNSCCs arising in the oropharynx. In sites not preferentially targeted by HPV (ie, oral cavity, larynx, and hypopharynx), however, the positive predictive value of p16 staining was only 0.13 (95% confidence interval, 0.02-0.42). The p16-negative and E6/E7 mRNA-positive cases were from the oropharynx (1 of 32, 3%), larynx (1 of 56, 2%), and sinonasal tract (1 of 4, 25%). For all sites, the negative predictive value of p16 negativity as a marker for the absence of HPV was 0.99 (95% confidence interval, 0.96-1.00).
E6/E7 mRNA Analysis of Discordant (p16 Positive/HPV DNA Negative) Clinical Cases
The practice at the Johns Hopkins Hospital is to routinely perform HPV testing of all oropharyngeal squamous cell carcinomas using an algorithm that incorporates both p16 immunohistochemical staining and DNA ISH. Using this approach, we have previously reported a small but significant subset of oropharyngeal squamous cell carcinomas (18%) characterized by strong p16 immunohistochemical staining in the absence of detectable HPV by DNA ISH. 17 Targeting this selected subset of cases using the E6/E7 mRNA method with a cocktail of 18 high-risk HPV genotypes (16, 18, 26, 31, 33, 35 , 39, 45, 51, 52, 53, 56, 58, 59, 66, 68, 73, and 82), we were able to detect E6/E7 mRNA transcripts in p16positive cases in which 1 (17 of 20, 85%) or both (4 of 5, 80%) of the DNA ISH methods were negative ( Table 2 , Fig. 4 ).
DISCUSSION
Using the novel E6/E7 mRNA method in a large and anatomically diverse group of HNSCCs, we confirmed the distinctiveness of HPV-related HNSCC. First, HPV is clearly an etiologic agent in a subset of HNSCC and not a mere passenger virus. Not only do tumor cells express mRNA E6/E7 transcripts-a decisive indicator of biological activity-but the tight coupling of viral transcription to HPV DNA integration and perturbations of the retinoblastoma tumor suppressor pathway (eg, overexpression of the p16 tumor suppressor gene) point to the sustained and critical role of HPV in cellular transformation ( Fig. 5 ). In 255 (90%) of the 282 HNSCCs, there was complete concordance between DNA ISH, RNA ISH, and p16 immunohistochemistry as independent measures for the presence and biological activity of HPV (Fig. 1) .
Second, high-risk types of HPV show preferential targeting of the oropharynx. 17, 18 Although the human papillomavirus has long been detected in HNSCCs, calculations of its site-specific prevalence have been impeded by variance in detection methodologies. As just 1 example, estimates of HPV prevalence in squamous cell carcinoma of the oral cavity range from 0% to 100% depending on the detection strategy of preference. 19, 20 Out of this fog, refinement of detection assays is now clarifying the true incidence, distribution, and relevance of HPV-related tumorigenesis of the head and neck: quantitative PCR methods now help distinguish clonal from nonclonal (eg, contaminant or passenger virus) patterns of HPV infection; DNA ISH permits direct visualization of HPV distribution in tissue specimens; and p16 immunohistochemistry facilitates recognition of HPVinduced disruption of the retinoblastoma tumor suppressor pathway (Fig. 5 ). Using the novel E6/E7 mRNA approach, we confirm that most oropharyngeal squamous cell carcinomas harbor transcriptionally active HPV, whereas most HNSCCs arising in nonoropharyngeal sites do not. Transcriptionally active HPV was detected in 43 of 77 (56%) squamous cell carcinomas of the oropharynx but in only 1 of 107 (0.9%) oral squamous cell carcinomas and 1 of 64 (1.6%) laryngeal squamous cell carcinomas. The low frequency of transcriptionally active HPV corroborates the findings of Lewis et al 14 who, using the E6/E7 mRNA method, detected transcriptionally active HPV in only a small subset (2.7%) of HNSCCs arising in the larynx, hypopharynx, and oral cavity. The more frequent detection of mRNA E6/E7 transcripts in cervical lymph node metastases from unknown primary sites and in squamous cell carcinomas of the sinonasal tract is not unexpected. Many lymph node metastases of unknown primary sites presumably originate from the tonsils, 9, 21 and up to 20% of sinonasal HNSCCs have recently been noted to harbor high-risk HPV. 22, 23 The application of the E6/E7 mRNA method to a large number of routinely processed tissues will further help pinpoint the anatomic distribution of HPV-related tumorigenesis in the head and neck and even non-head and neck sites such as the lung where variance in methodologies has obscured the prevalence and importance of HPV in a site-specific manner. 24 Third, HPV16 is the dominant type of high-risk HPV that is detected in oropharyngeal HNSCC. Using 2 different probes that separately target HPV16 and non-16 high-risk types (18, 31, 33, 35, 52 , and 58), we detected HPV16 in 88% of those oropharyngeal HNSCCs expressing mRNA E6/E7 transcripts. In these cases, HPV16 was exclusively present. In contrast to cervical squamous cell carcinoma in which coinfection with multiple HPV types is common, 25 we did not detect any case in which an HPV16-positive HNSCC coexpressed mRNA E6/ E7 transcripts from another high-risk HPV type. The absence of redundancy for other high-risk HPV types would seemingly point to the sufficiency of HPV16 mRNA E6/E7 transcription as a transforming agent, acting independently of other high-risk HPV types. A non-16 type was detected in 2 of the 4 positive HNSCCs arising in nonoropharyngeal sites. The biology of HPV-related tumorigenesis may be different across the various subsites of the head and neck; and the evaluation of HPV-related tumorigenesis may re-quire a different and more comprehensive panel of HPVspecific probes outside of the oropharynx.
The widespread use of HPV DNA ISH in the clinical setting has recently been propelled by automation. 26 By diminishing the impact of technical inconsistencies, high throughput automation promises to decrease the turnaround time for large case volumes, enhance standardization across diagnostic laboratories, and improve reproducibility. Using the Ventana Inform HPV III Family 16 Probe kit (Ventana Medical Systems), we found that this automated approach underestimated the number of HPVpositive HNSCCs: HPV DNA was not detected in 20% of those HNSCCs expressing mRNA E6/E7 transcripts. These apparent false negatives may reflect limitations of this assay to detect HPV at low viral copy numbers, as hybridization signals-albeit at low numbers-were visualized using a more laborious manual HPV16-specific DNA ISH. The transcription of viral mRNA provides a natural target amplification step that innately enhances viral detection by RNA ISH, even in those HNSCCs in which virus is present at low copy numbers (Fig. 2) .
Immunostaining for p16 protein has recently been regarded as a practical alternative for HPV testing on the basis of a high correlation between HPV detection and p16 overexpression in recent studies. 17, [27] [28] [29] [30] The absence of a direct and exclusive mechanistic link between HPV DNA integration and p16 expression, however, warns against a casual application of p16 testing alone, particularly for HNSCCs arising outside of the oropharynx. In sites that have not been confirmed as being preferentially targeted by HPV, such as the oral cavity, larynx, and hypopharynx, the likelihood that p16 overexpression truly reflected the presence of transcriptionally active HPV (ie, positive predict value) was very low. For these nonoropharyngeal cancers, and even for a subset of oropharyngeal HNSCCs, the possibility of encountering elevated p16 expression by non-viral-related mechanisms must be considered. Admittedly, a false-positive rate for HPV detection based solely on p16 overexpression may be acceptable when it comes to prognostication: p16 overexpression has been associated with improved patient outcomes for patients with oropharyngeal HNSCCs quite independent of the HPV status. 3, 29 Any false-positive results, however, may be unacceptable when the HPV status is used for the selection of patients who may benefit from novel therapies such as therapeutic vaccines. In such a scenario, HPV testing should be stringent and highly specific.
To improve the accuracy of HPV detection, some have advocated detection algorithms that utilize the strengths of various detection assays used in combination. 17, 31, 32 Although these algorithms are able to determine the HPV status for most oropharyngeal carcinomas, there remains a subset of cancers that yield conflicting results. At the Johns Hopkins Hospital, where all oropharyngeal squamous cell carcinomas are evaluated using a combination of detection assays, up to 18% of cases are p16 positive by immunohistochemistry but HPV negative by DNA ISH. Application of the E6/E7 mRNA Table 2 ) was equivocal due to the presence of strong p16 staining (A) but the absence of hybridization signals by HPV DNA ISH (not shown). Despite the inability to detect HPV DNA, abundant E6/E7 mRNA transcripts are detected using the E6/E7 mRNA method (B). method to the clinical care setting could dramatically reduce the number of these equivocal cases. We found that the E6/E7 mRNA assay confirmed the presence of transcriptionally active HPV in 84% of those p16-positive cases in which 1 or more of the HPV DNA probes failed to detect HPV. The fact that even a broad spectrum cocktail of 18 high-risk HPV genotypes failed to demonstrate HPV in the remaining p16-positive cases (16%) argues that p16 may be induced by nonviral mechanisms in a subset of p16-positive oropharyngeal carcinomas.
Testing for HPV E6/E7 transcripts by RNA ISH is an ideal platform for HPV detection and may provide a standalone test for discerning the HPV status of head and neck cancers. First, it confirms the presence of integrated and transcriptionally active virus by permitting the visualization of viral transcripts directly in tissue sections. Second, it is technically feasible and easily transferrable into the diagnostic pathology laboratory. Indeed, the imminent availability of the E6/E7 mRNA method to a widely available automated staining platform promises to enhance standardization across diagnostic laboratories, decrease the turnaround time for large case volumes, and improve reproducibility among clinical trials. Third, the transcription of viral mRNA provides a natural target amplification step that may dramatically improve viral detection in clinical samples and clarify the status of those perplexing tumors that are p16 positive by immunohistochemistry but HPV negative by DNA ISH. Forth, it is prognostically useful. In our evaluation of the E6/E7 mRNA assay, we found that the presence of E6/E7 mRNA transcripts was tightly coupled to the expression of other powerful prognostic markers (eg, p16 expression); others have more directly observed that the HPV status as discerned by the E6/E7 mRNA method strongly correlates with patient outcomes. 15 
